Abstract Various Ni-Si-Cr-B brazing alloys with a similar boron content (3 wt%) are investigated. Alloy compositions cover a section of the quaternary phase diagram that connects BNi-3 to BNi-9 ternary alloys for industrial use. Samples were melted and solidified at low cooling rate (1 K/min) under secondary vacuum to minimize oxidation and the metastable phase formation. Transformation temperatures, microstructures, and chemical analyses are reported. Experimental conditions were found to play a significant role on the accuracy of obtained data. Thermodynamic data were collected upon heating. Before analyzing quaternary alloys, the results of investigated ternary alloys were compared with the literature and discussed.
Introduction
As indicated by Peaslee [1] , brazing alloys containing Ni-CrSi-B are widely used for assembling high-temperature Nibased components. The American Welding Society (AWS) A5.8 BNi-n specifications constitute the reference for these alloys [2] . They are known as BBNi-n alloys^and may contain B, Si, Cr, Fe, or P as alloying elements. Industrial transient liquid phase (TLP) brazings are commonly performed with ternary Ni-Si-B fillers, whose compositions are close to that of BNi-3 (Table 1) . In this alloy, Si and B act as melting point depressant elements, allowing the filler to melt at temperature below the base metal melting point prior to any major structural changes. However, these alloys are very sensitive to residual O 2 content in the atmosphere during TLP. Ohsasa et al. [3] mentioned that the ternary Ni-Cr-B fillers with a Recommended for publication by Commission XVII -Brazing, Soldering and Diffusion Bonding composition close to that of BNi-9 (Table 1) have been sought as an alternative for industrial brazing, as the addition of Cr prevents oxidation.
Using chromium addition, a higher corrosion resistance of the brazing joint can be obtained. The downside is an increase of the filler melting temperature, affecting microstructures in the base metal and its mechanical properties. A trade-off has been found by using quaternary Ni-Cr-Si-B fillers or even higher order alloys (with Fe). The usual amount of boron in these alloys remained around 3 wt%. These conventional alloys led to improved joint properties while brazing various types of nickel-based superalloys. However, brittle chromium borides can precipitate under specific operating conditions. Aluru et al. [4] studied brazing of nickel-based superalloys with various brazing alloys including BNi-3. They noted the lack of β 1 -Ni 3 Si precipitation in the Ni-solid solution α phase which could also be held responsible for the poor mechanical properties in the brazed zone.
In order to control process parameters and microstructures of TLP nickel-based alloys brazes, it appears necessary to increase the knowledge of the thermodynamic equilibrium and solidification sequences of filler alloys themselves. Specifically, the formation of chromium borides has to be better understood, given their influence on the melting temperatures of the filler and on final braze microstructures. Ruiz-Vargas et al. [5] pointed out discrepancies between the thermodynamic modeling predictions using CALPHAD databases and the observed behavior while brazing. It was, however, not clear whether discrepancies were due to poor thermodynamic data or to kinetic effects related to undercooling, leading to solidification conditions out of equilibrium practice.
Schuster and Du [6] extensively studied the Ni-Si-Cr phase diagram, providing data for CALPHAD modeling. Lebrun et al. [7] recently reviewed experimental and modeling data on the Ni-Si-B system. Concerning the liquidus surfaces and invariant reactions in the nickelrich corner, these authors report numerous controversies and discrepancies among experimental results, in particular calculated liquidus surfaces reported by Omori et al. [8] , Jansson and Agren [9] , Lebaili and HamarThibault [10] , and Tokunaga [11] . Reviewing these data, Lebrun et al. have considerably reduced the domain of primary β 3 -Ni 3 Si into the equilibrium phase diagram, suppressed the primary β 2 -Ni 3 Si domain, and enlarged the γ-Ni 5 Si 2 domain, rejecting Tokunaga's propositions. The calculated phase diagram ends up being much closer to the experimental results of Omori et al. and Lebaili and Hamar-Thibault. For compositions close to BNi-3 ternary alloys, they suggest that the probable solidification reaction path is L ➔ primary α ➔ α + Ni 3 B ➔ α + Ni 3 B + δ-Ni 6 Si 2 B in equilibrium conditions, or L ➔ primary α ➔ α + Ni 3 B ➔ α+ Ni 3 B + β 3 -Ni 3 Si in metastable conditions. Bondar [12] extensively reviewed the Ni-Cr-B ternary system. They proposed rejection of the liquidus surfaces calculated by Campbell et al. [13] , which strongly disagree with the experimental data by Lugscheider et al. [14] and Omori et al. [15] in the nickel-rich corner. Concerning BNi-9 ternary alloys, Bondar [12] suggests the following solidification path at equilibrium: L ➔ primary α ➔ α + (Ni,Cr) 3 B ➔ α + (Ni,Cr) 3 B + CrB. Ohsasa et al. [3] studied transient liquid phase (TLP) brazing of pure Ni with a filler composition close to that of BNi-9 (15.2 wt% Cr, 4 wt% B, versus 14.66 wt% Cr, 3.64 wt% B for BNi-9). Because of the TLP brazing process, the liquid remaining at the end of the solidification was depleted in B and slightly depleted in Cr. They found the same solidification sequence: primary α ➔ α + (Ni,Cr) 3 B ➔ α + (Ni,Cr) 3 B + CrB.
The present work dealt with providing original and valuable thermodynamic data on Ni-Si-Cr-B filler alloys, in order to better understand and model the solidification sequences of Ni-Si-Cr-B brazing alloys. BNi-3 and BNi-9 were firstly investigated through slow differential thermal analyzer (DTA) experiments, microstructure observations, and chemical analyses. Results were compared with literature data, in particular, to evaluate their accuracy. Then different Ni-Si-Cr-B alloys were made by mixing the ternary alloys in various proportions ( Table 1) . As the amount of B varies only slightly in these two alloys, the level of B of in all mixtures was kept about constant, around 3 wt%. Microstructures and melting temperature variations as the Si/Cr ratio increases were documented and discussed.
Materials and methods

Materials and sample elaboration
Powders of the two ternary alloys BNi-3 and BNi-9 with certified composition were provided by the Chpolansky company, with particle sizes ranging from 50 to 100 μm. These Table 1 . Note that the M26 alloy was prepared from variants of the BNi-3 and BNi-9 alloys, which means that its composition is only approximately a linear combination of the BNi-3 and BNi-9 alloys listed in Table 1 . Samples were melted and homogenized at 1150°C (1423 K) for 3600 s in an alumina crucible under secondary vacuum conditions (10 −2 Pa) to reduce oxidation. Heating rate was set to 10 K/min, whereas cooling rates were kept as low as 1 K/min. Ternary alloys were prepared in large cylindrical crucibles, 10 mm in diameter and about 5 mm in width. Bulk quaternary alloy samples were prepared in smaller quantities, directly in DTA crucibles. Differential weight losses were measured to be less than 2‰, suggesting that the alloy composition is not affected by the melting process. For each quaternary mixture, two samples were prepared from the powders. One sample was used for metallographic observation, while transformation temperatures were recorded on the second sample, using a NETZSCH-Gerätebau GmbH DSC 404 equipment, which was used as a DTA. Preliminary experiments pointed out that microstructures, phase fractions, and especially transformation temperatures were sensitive to the presence of residual oxygen in the melting atmospheres. As an example, Fig. 1 presents the cooling curves and the related transformation temperatures during solidification of BNi-3 alloy melted in the DTA furnace in three different atmospheric conditions. As the O 2 amount in the atmosphere increases, transformation peaks shift towards lower values (these peaks are labeled (P) in Fig. 1 ). Shifting reached up to 100°C for the formation of the primary phase, suggesting that the sample behavior during solidification may be affected by oxygen contamination into the melted metal. As a consequence, DTA analyses had to be performed under a flow of argon containing less than 100 ppb amount of O 2 (BU type^). In addition, a block of zirconium was inserted in the DTA furnace to serve as an oxygen getter. Further oxygen reduction was obtained by melting powders into bulk samples under secondary vacuum conditions.
DTA and microstructure characterization
DTA experiments were performed with a heating rate of 5 K/ min up to 1150°C (1423 K), a 900 s isothermal step at 1150°C, then a 10 K/min cooling down to ambient temperature. Temperatures were estimated accurately only on heating curves, following a procedure described by Tokunaga et al. [11] . An example of transformation temperature record is illustrated in Fig. 2 . Cooling curves are relevant to detect the successive reactions during solidification, which are well separated and can be easily distinguished. However, these reactions do not appear at the equilibrium temperature. Thus, cooling curves were only used for qualitative analysis.
For metallographic observation, samples were etched in Kalling's reagent (160 ml ethanol, 100 ml HCl, 5 g CuCl 2 ) for about 5 s. Quantitative characterization of phase amounts was performed by point counting method, using a light microscope Olympus™ BX61 assisted by the Analysis™ software. On 15 zones of about 0.06 mm 2 (56,000 μm 2 ), 140 points grids were analyzed for a total of n = 1200 analysis points. The volume fraction f of a phase is given with a 95% confidence range σ f according to the formula
Images at higher magnification were obtained with a scanning electron microscope (SEM) equipped with a field emission The chemical compositions of the different phases were analyzed by energy-dispersive X-ray spectroscopy (EDX) with an SDD detector, using the Bruker™ QUANTAX system and the SPIRIT1.9™ software. At least 15 spectra were recorded for each phase. They were analyzed according to the method described by Ruiz-Vargas et al. [16] . It was estimated that this method allows to get boron concentration with an error of less than ±5 at.% in nickel-rich alloys.
3 Results-ternary alloys 3.1 Ni-Si-B alloy BNi-3
The microstructure resulting from melting at 1150°C then cooling at 1 K/min under secondary vacuum is presented in Composition and phase fractions of the various phases are given in Table 2 . To calculate mass fractions, for comparison with Thermo-Calc® simulations, densities were taken from Other α phase 0 18 ± 2 n/a n/a 18.8
Nickel boride 18 ± 5 0 60 ± 4 58 ± 4 56.7
Including small size borides
Final nickel silicide 0 22 ± 1.5 n/a n/a 19 for the other phases. Chemical analyses revealed residual amounts of oxygen, up to roughly 8 at.%, in the eutectic α phase and the final nickel silicide phase, confirming that this alloy is very sensitive to contamination, even in secondary vacuum conditions. DTA curves presented on Fig. 4 show that three events took place during heating. These transitions are more clearly visible on cooling curves. However, for the multiphase transformations, undercooling offsets up to more than 70°C were observed.
Combining DTA results with microstructural observations, it is possible to devise a solidification sequence as follows: solidification started with formation of primary α phase at 1059°C, followed by a path in the two-phase eutectic valley with simultaneous solidification of the (E3) nickel boride Ni 3 B and α phase mixture. Invariant reaction may have taken place as the liquid transformed to (E1) α + Ni 3 B + β 3 -Ni 3 Si mixture at 992°C.
Ni-Cr-B alloy BNi-9
The microstructure found in the BNi-9 alloy solidified from 1150°C under secondary vacuum conditions at 1 K/min is shown in Fig. 5a, b . As for the BNi-3 alloy, the solidification starts with α-Ni solid solution phase with a dendritic morphology (A). A two-phase α + nickel boride mixture (E3) was also observed, as well as a complex eutectic (E2) with α, nickel borides and chromium borides labeled (E). Compositions and phase fractions of the various constituents are listed in Table 3 .
Results reveal that the initial α phase is enriched in chromium compared to the nominal composition of the alloy: 21.4 versus 14.05 at.%. The two-phase eutectic (E3) comprising α phase and nickel borides was present as a lamellar structure which spreads from the crystallite center, forming quasi-spherical shaped grains, as shown in Fig. 5b . Dendrite arms may serve as nucleation site for the crystallization of such grains. The nickel borides contain some chromium and are of (Ni,Cr) 3 B type. Three-phase eutectic (E2) corresponds to the final solidification product. It is composed of α phase, (Ni,Cr) 3 B and chromium borides of CrB type. As presented in Fig. 5b , the CrB phase shape is granular or needle shaped. The needles may cross either the α phase or the nickel borides, suggesting that further chromium boride precipitation took place in the solid state, i.e., after final solidification.
The DTA curves in Fig. 6 show at least three events occurring during heating, The first event, labeled (A h ) and beginning at 1053°C, corresponds to the melting of the three-phase mixture (E2) α + (Ni,Cr) 3 B + CrB. At 1059°C, a slope change, labeled (B h ) can be related to the melting of the two-phase (E3) α + (Ni,Cr) 3 B eutectic. Liquidus temperature was reached at 1087.5°C. These events are clearly visible on the cooling curves but showed large undercoolings when compared to heating curves.
Discussion about ternary alloys
From literature review, it should be noticed that little consensus exists about temperatures and the solidification sequence of these two ternary alloys. 
BNi-3 alloy
According to Lebrun et al. [7] , the controversies regarding alloys of compositions close to BNi-3 were satisfactorily settled. The equilibrium sequence calculated with Thermo-Calc® using the TTNi7 database, as presented in Fig. 7 and Table 2 , predicts that the phase forming at the invariant point will be the metastable β 3 -Ni 3 Si phase. Table 4 [10] . The reported δ-Ni 6 Si 2 B was not observed in the terminal mixture of the present samples but a nickel silicide phase with composition closer to β 3 -Ni 3 Si. The terminal point measured here is thus likely to be the invariant point reported by Omori et al. [8] and considered to be metastable by Jansson et al. [9] .
Mass fraction of primary α solid was 19 ± 2% in the present experiments whereas, according to the Thermo-Calc® calculation presented in Fig. 7 , less than 6% was expected. Most likely, this discrepancy cannot be explained by some undercooling effect. Another sample, elaborated from the same BNi-3 powder and solidified at a rate of 10 K/min, shows an α pro-eutectic fraction equal to 14 ± 2%. The full Ni 3 B weight fraction observed at room temperature agreed well with Thermo-Calc® calculation. However ThermoCalc® calculated that 60% would form at the invariant temperature, which completely disagrees with the observations, as most of the observed borides are rather coarse and, thus, likely formed at higher temperatures. 
BNi-9 alloy
According to Thermo-Calc® calculations with the TTNI7 database reported in Fig. 8 and Table 5 , solidification at equilibrium starts with a CrB + α mixture and ends with the threephase eutectic CrB + α + (Ni,Cr) 3 B. This sequence is not the one expected from Lugscheider et al. [14] , Omori [15] , and Bondar [12] , leading to controversies. An agreement is found for the liquidus temperature of BNi-9 (formation of the primary α phase) at a value lower than 1127°C, as presented in Table 5 . Lugscheider et al., Omori, and Bondar all agree that the three-phase eutectic α+ (Ni,Cr) 3 B + CrB forms at 1050°C, whereas a TTNi7-Thermo-Calc® calculation yields 1011°C as the terminal eutectic temperature, and Ohsasa et al. [3] found it at 997°C.
The observed solidification path depicted in the present paper closely followed the one proposed by Bondar [12] and Ohsasa et al. [3] . The primary phase is an α Ni-rich solid solution in the form of dendrites. Then, a two-phase eutectic reaction occurs: L ➔ α + (Ni,Cr) 3 B. Solidification ends at the terminal invariant point: L ➔ α + (Ni,Cr) 3 B + CrB. The measured temperature of this point agrees well with value found by Omori et al. [15] . Liquidus surfaces calculated by Bondar as well as experimental results of Omori et al. agree with our results to a large extent.
From the results on ternary alloys, it can be concluded that, in the present methodology, the cooling rate was adequate and vacuum quality was good enough to ensure that the solidification processes can be considered to be at thermodynamic equilibrium. Quaternary alloys will now be analyzed using the same procedures and keeping in mind the existence of undercooling effects following the primary phase crystallization and the possible occurrence of metastable reactions in later stage solidification of silicon rich alloys. 
M15 alloy
Microstructure as well as DTA curves for the M15 sample differed from the other quaternary alloys and will be treated separately. Its microstructure is presented in Fig. 9a , b. On a low-magnification micrograph of Fig. 9a and because of the chosen etchant, it was not possible to distinguish chromium borides. On the SEM micrograph of Fig. 9b , it is possible to observe α dendrites, some two-phase eutectic α + (Ni,Cr) 3 B, and some CrB borides. The latter have been detected embedded in the two-phase eutectic α + (Ni,Cr) 3 B. These chromium borides are likely to be formed during the reaction L ➔ α + (Ni,Cr) 3 B + CrB, i.e., similar to the terminal eutectic (E2) in BNi-9. No β 1 -Ni 3 Si precipitates resulting from the solid-state transformation could be detected in the α phase. The DTA heating curve presented in Fig. 10c has a similar shape to that of BNi-9 alloy. The observed slight departure from baseline at 1026°C was attributed to the melting of a threephase eutectic mixture (E2) α + (Ni,Cr) 3 B + CrB. A slope change was then observed at 1045°C and is attributed to the melting of two-phase eutectic (E3) α + (Ni,Cr) 3 B. The proeutectic α phase melting peak was easier to place at 1074°C.
M26 alloy
The M26 alloy presents another phase that does not appear in the M15 alloy: nickel silicides with composition β 3 -Ni 3 Si. As presented in Fig. 11a , large α dendrites and some two-phase (E3) eutectic α + (Ni,Cr) 3 B were found in the microstructure. As their volume fraction is low, nickel silicides cannot be seen on the optical micrographs. Only SEM images, such as Fig.  11b , were able to provide information on all the existing phases. SEM micrograph reveals the existence of nickel silicides and chromium borides in the alloy. The latter were found associated with nickel silicides. From this microstructure, the existence of the three-phase eutectic (E1) α + (Ni,Cr) 3 B + β 3 -Ni 3 Si can be deduced. A four-phase mixture (E4) α + (Ni,Cr) 3 B + β 3 -Ni 3 Si + CrB also exists, as presented in Fig.  12 . While α dendrites do not include β 1 -Ni 3 Si solid-state precipitates, eutectic α phase may contain some.
The DTA heating curve (Fig. 10b) shows melting of the various mixtures. Since the volume fraction of the terminal mixture is low, the corresponding peak on DTA curve is weak, and the melting temperature is given with large uncertainty, at 940°C. The peak corresponding to the three-phase eutectic has a same similar shape than that found in M56 and M84 alloys and can be well defined, starting at 975°C. The initial temperature for melting of two-phase eutectic is more subject to discussion, especially because of the uncertainty about baseline definition and is proposed to be at 1022°C. The liquidus stands at 1063°C. As already mentioned, which can be seen in Table 1 , the amount of boron for this alloy does not follow the same linear combination of BNi-3 and BNi-9 powders as for the other alloys. As it is known that melting temperature is strongly dependent on the boron content, the M26 liquidus temperature will not be discussed together with those of the other alloys.
Other quaternary alloys: M56 and M84 alloys
M56 and M84 samples have a more complex but otherwise similar microstructure. As presented on Figs. 13a, b and 14a, b, large α dendrites without β 1 -Ni 3 Si precipitates, a two-phase α + nickel boride (E3) mixture, and a three-phase or maybe a four-phase mixture (E1) α + nickel boride + nickel silicide(s) were found in the microstructure: the latter were hard to distinguish on optical micrographs, appearing as colored (blue, green, or yellow) phase(s).
Within α dendrites, nickel borides needles were observed in both alloys. The shape of these nickel borides suggests that they formed within the already solidified dendrites. The twophase eutectic (E3) α + (Ni,Cr) 3 B may be found as a combination of a lamellar and quasi-divorced rod-like eutectics. The latter eutectics form quasi-spherical grain structures as shown in Figs. 13b and 14b . The interlamellar spacing increases from the center to the periphery, probably due to the increasing role played by short circuit diffusion in the liquid as temperature decreases during solidification. Low fractions of the fourphase mixture, detailed in Fig. 15 , were found in both alloys surrounding the two-phase eutectic grains. Together with α phase and nickel borides, two nickel silicides, without B, can be reported. Cr amount is measured less than 0.6 at.%. One of the silicides has a 26 ± 1 at.% Si content, whereas the other only has 23 ± 1 at.%. Residual oxygen was detected in these phases, leading to uncertainties in determining exact compositions. These phases could correspond to γ-Ni 5 Si 2 and to β 3 -Ni 3 Si phases, respectively. The morphology of this mixture suggests that the reaction could occur on β 3 , probably inherited from the three-phase metastable eutectic: L ➔ α+ (Ni,Cr) 3 B + β 3 -Ni 3 Si, where metastable β 3 is substituted for δ-Ni 6 Si 2 B or γ-Ni 5 Si 2 . β 3 will subsequently partially transform into γ-Ni 5 Si 2 .
As presented in Fig. 10a , the DTA curves of M56 and M84 alloys were quite similar. At least three thermal major events can be distinguished. 
Microstructural and thermal trends
Volume fractions of the various phases and mixture, transformation temperatures, and compositions are summarized as follows and analyzed in order to link better the new results displayed previously.
Volume fractions of phases
Volume fractions of the various phases and mixture are summarized in Table 6 . The fraction of the pro-eutectic α dendritic primary phase decreases as the Si/Cr ratio increases in quaternary alloys. However, the pro-eutectic α fractions in two ternary alloys do not follow the same trend. Nickel boride volume fractions for quaternary alloy are similar if one considers the magnitude of sampling uncertainties.
Transformation temperatures
Similarly, the transformation temperatures measured from heating curves are reported in Table 7 .
Phase compositions
The compositions of the pro-eutectic dendritic α phase are displayed in Table 8 . It can be pointed out that this phase is enriched in Si and Cr above the overall composition of the alloy. Partition ratios k i corresponding to the ratio between solidus composition c si and liquidus composition c li are found to be k Cr = 1.71 ± 0.11 and k Si = 1.32 ± 0.15.
Keeping in mind that a linear variation on boron amount exists within the alloys (except the M26 alloy), the pseudoliquidus curve on the section at 3 wt% B can be deduced. In these alloys, a solidus curve for the formation of the α phase, deduced from experimental data presented on Table 8 , can be well modeled by a simple linear regression:
where T s is the temperature in degrees celsius and at.%Cr α and at.%Si α are the pro-eutectic α compositions in atomic percents.
To take into account the small variations in boron content existing in the studied alloys and the relationship existing between compositions of the pro-eutectic α phase and nominal alloy compositions, liquidus curve is tentatively modeled by the following relationship: T l is the liquidus temperature (°C), and at.%Si, at.%Cr, and at.%B are the nominal compositions in atomic percents.
Two-phase eutectic α + (Ni,Cr) 3 B When liquid composition meets the two-phase eutectic valley, the primary phase growth 
& α phase
During the eutectic reaction, the composition of the solid formed is controlled by the eutectic valley position and changes as the temperature evolves. BNi-3 alloy as well as quaternary alloys exhibit strong variation of α phase composition in term of silicon and chromium contents (the latter for quaternary alloys). Variations as large as 5 at.% were reported for either Cr or Si. On the other hand, the α phase composition of the eutectic found in BNi-9 varies very little and remains close to the Cr amount found in α dendrites. As a general comment, whether it forms dendrites or is embedded in the eutectic mixture, α contains no boron and is always enriched in Si and Cr above the overall composition of the alloy.
& Nickel boride phase
Even when accounting for wider confidence ranges in measuring boron content, all nickel boride were found to be of the (Ni,Cr) 3 B type. For a given alloy, no significant variation in chromium content was found in the composition of either the two-phase or the three-phase eutectic 
Temperature of melting start of (E3) the two-phase eutectic cannot be measured from heating curves for M56 and M84 alloys. Please note that in the M26 alloy, boron amount does not follow the same variation than in the other alloys. As (E4) volume fraction is low, (E4) peak is weak and (E4) temperature is not well defined Si α (at.%) 0 3.6 ± 0.2 5.4 ± 0.4 6.6 ± 0.6 7.6 ± 0.7 9.4 ± 0.3
Boron levels were under detection thresholds in α dendrites nickel borides. As the eutectic reaction progresses, the composition of nickel borides stays the same. The high diffusion coefficient of boron could lead to the fast composition homogenization of the nickel boride. Chromium amounts in nickel boride were found to increase in an approximately linear way with the overall Cr content of the alloy (Fig. 16) . It was also found that the chromium amount in nickel borides is less than the alloy nominal content.
Final reaction Final phases in low Si alloys (M15 and BNi-9) were significantly different from the other alloys. In BNi-9 and M15 alloys, solidification ends with formation of the three-phase eutectic α + (Ni,Cr) 3 B + CrB and no Si-rich phase has been observed. The M26 alloy is the only one among the studied alloys that exhibits a four-phase mixture α + (Ni,Cr) 3 B + Ni 3 Si + CrB. The Ni 3 Si phase in the M26 alloy contains 1 ± 0.3 at.% Cr. In all these alloys, CrB borides contain an amount of about 2 at.% Ni. M84 and M56 alloys end their solidification with the fourphase mixture α, (Ni,Cr) 3 B and two kinds of nickel silicides. No boron can be detected in these phases. Composition variations in silicides can tentatively be assigned to the formation of two different phases: β 3 -Ni 3 Si and γ-Ni 5 Si 2 .
Metallographic observations confirm that the solid-state β 1 -Ni 3 Si precipitation in the α eutectic phase only occurs in alloys undergoing formation of β 3 -Ni 3 Si in final solidification mixture.
Conclusions
& Six Ni-Cr-Si-B alloys, of composition ranging from BNi-9 to BNi-3, have been investigated. All had a boron amount around 3 wt% close to commercial formulations. Alloys were found to be very sensitive to the oxygen atmospheric level.
& The solidification sequence of all the alloys studied is the formation of α Ni-solid solution, followed by formation of a two-phase eutectic constituted of an α phase and a (Ni,Cr) 3 
